Abstract Fluid catalytic cracking (FCC) is an essential process for the conversion of gas oil to gasoline. This study is an effort to model the phenomenon numerically using commercial computational fluid dynamics (CFD) software, heavy density catalyst and 4-lump kinetic model. Geometry, boundary conditions and dimensions of industrial riser for catalytic cracking unit are conferred for 2D simulation using commercial CFD code FLUENT 6.3. Continuity, momentum, energy and species transport equations, applicable to two phase solid and gas flow, are used to simulate the physical phenomenon as efficient as possible. This study implements and predicts the use of the granular Eulerian multiphase model with species transport. Time accurate transient problem is solved with the prediction of mass fraction profiles of gas oil, gasoline, light gas and coke. The output curves demonstrate the breaking of heavy hydrocarbon in the presence of catalyst. An approach proposed in this study shows good agreement with the experimental and numerical data available in the literature.
Introduction
Fluid catalytic cracking (FCC) is considered to be one of the most important petroleum refining processes. The fluid catalytic cracking involves the conversion of heavy oil feedstock into gasoline and other valuable products (Wang et al., 2012) . The FCC reaction riser presents a complex scenario as it contains a multiphase flow and not less than a double figure of intermediate products such as liquid petroleum gas (LPG), coke and others. Optimization of the FCC riser is generally experimental as a result of complex relations among the enormous number of dependent and independent variables. Study of optimum operating variables for different modes of operation by experimentally changing the process conditions on a commercial FCC unit is neither realistic nor suitable. Therefore, there has been numerous simulation studies focused on FCC (Ancheyta-Jua´rez and Murillo-Herna´ndez, 2000; Theologos and Markatos, 2004; Lopes et al., 2011) . However, most of these simulations suppose the idealized mixing conditions within the riser reactors. In FCC risers, multi-nozzle gas oil feed injectors are used for quick feed vaporization, these injectors also mix the catalyst and oil uniformly. The finite mixing length at the bottom of the riser has a major effect on the operation of FCC (Novia et al., 2007) .
The hydrodynamics of FCC riser reactor has been studied with different modeling approaches. The accurate analysis of the flow field has not yet been achieved, and most times, it is still limited to a two-dimensional flow model. The most popular approach in modeling of FCC riser reactor is the 1-D plug flow model with slip between the phases (Snoeck et al., 1997) . On the other hand, this model is not able to explain the complex hydrodynamics in FCC riser reactors. In current years, among large amount of research, increasing attention has been paid to the method using better computer ability to develop mathematical models to investigate the multiphase reaction and transport in FCC riser reactors. Theologos and Markatos (2004) constructed a three-dimensional model of the two-phase flow, heat transfer and reaction in a riser reactor. Although it ignored the turbulence of gas and solids, and used a simple 4-lump kinetic model, the model predicted the flow field, heat distribution and concentrations of all species throughout the reactor, which testified the importance of such a method.
It is a challenge for the researchers to describe the kinetic mechanism of cracking of hydrocarbons in the area of mathematical modeling of fluid catalytic cracking. The existence of thousands of unidentified components in the feed to the riser and the parallel/series reactions of these components creates difficulty in kinetics modeling. The information of main chemical reactions arising during catalytic cracking was shared by Guisnet and Ribeiro, 2011 .
The catalytic cracking of hydrocarbons is very complex due to many reactions and chemical species involved. Therefore, the reaction kinetics has been investigated by lumping a numbers of chemical compounds. Several catalytic cracking reaction kinetic models for the FCC process have been proposed by different researchers. Weekman and Nace (1970) developed a simple kinetic scheme, based on the theory of Wei and Prater, 1963 for the kinetic modeling of cracking reactions occurring in the riser reactor. This work can be considered as pioneer in developing the simple kinetic mechanism for FCC modeling purposes. Authors divided the charge stock and products into three components, namely, the original feedstock, the gasoline (boiling range C5-410 0F), and the remaining C4's (dry gas and coke), and hence simplified the reaction scheme. The model predicted the conversion of gas oil (the feedstock) and gasoline yield in isothermal condition in fixed, moving, and fluid bed reactors. The kinetic parameters of the model were evaluated using the experimental data. Since the gas oil and gasoline cracking rates have different activation energies, an optimum reactor temperature was also determined for the system. This scheme was further extended to several other kinetic schemes. Among them the four lump models, five lump models, six lump models, ten lump models, eleven lump models, twelve lump models, thirteen lump models, and nineteen lump models are widely used (Gupta et al., 2007) . For simplification and less computational constraints, this present work used the 4-lump kinetic model of cracking reactions, which considers the heavy gas oil, gasoline and the remaining component as the lumps.
Generally, the overall heat balance around the reactorregenerator system in an FCC unit includes: (1) the enthalpy of combustion of coke-on-catalyst; (2) the endothermic heat of cracking reactions; (3) the heat of vaporization of gas-oil at the entrance of the riser; and (4) other enthalpies such as the heat of feed air, product stream, and exit flue gas from the regenerator (Novia et al., 2007) .
However, the calculation of the endothermic heat of cracking reactions in FCC riser reactors still presents a significant challenge. Elnashaie and Elshishini (1993) assumed the constant heat of cracking reaction in the riser height. However, the heat of reaction varies from the bottom to the top of the riser. For a typical commercial FCC unit, the heat of cracking varies between 200 and 700 kJ/kg and the temperature drop of about 30-40°C.
In the present study, a heavy density catalyst has been used to develop a two dimensional hydrodynamics and reaction kinetics model of FCC riser reactor. Heavy density catalyst provides catalytic activity sites, as compared to zeolite there are larger pores that provide entry for larger molecules. This makes the cracking of larger molecules of higher boiling point possible. Alumina increases the conversion of light gases to gasoline significantly. The CFD code FLUENT 6.3 is used to simulate FCC riser reactors. The model studies the twophase flow of catalyst and vapor. It described the temperature profiles, mass fraction profiles and the yield of gasoline product in the FCC riser reactor.
Mathematical modeling
A granular Eulerian-Eulerian multiphase model is used to simulate the hydrodynamics of the multiple phases. In Fluent 6.3 CFD code, the finite volume method is used to discretize the conservation equations.
Conservation equations
The continuity equation of phase i (i = gas, solid):
with definition: e g + e s = 1. The conservation of momentum of phase i (i = gas, solid, k " i) can be written as
The conservation of energy for phase i yield.
Interphase exchange coefficients
From the Syamlal-O'Brian model for the drag force formulation (Syamlal and O'Brien, 1989) .
The drag coefficient, C D is given by Di Felicea and Rotondia (2012).
where m r,s is the terminal velocity correlation for the solid phase (Garside and Al-Dibouni, 1977) .
where:
A ¼ e 
Solid pressure
The solid phase pressure (P s ) consists of kinetic term and the particle collision term. It is calculated from the equation of state which is the same as the van der Walls equation of state for gases (Chapman and Cowling, 1991) .
where H s is the granular temperature, e s is the coefficient of restitution for particle collisions. g 0 , the radial distribution function (Ogawa et al., 1980 ) is given by:
The value of maximum solid packing, e s , max for this simulation is 0.53.
Solid shear stress
The solid stress tensor contains bulk and shear viscosities. The solid phase bulk viscosity can be expressed as (Chepurniy, 1984) :
The solid phase shear viscosity is given by Gidaspow et al. (1991) ).
The solid phase dilute viscosity is:
where
Granular temperature
The granular temperature h s is calculated by solving the turbulent kinetic equation for solid phase:
The diffusion coefficient for granular energy, k Hs is represented by:
The collisional energy dissipation, c s , is given by:
K-E turbulence model
Generally, the FCC riser reactor is under turbulent flow conditions. Therefore, it is important to use an appropriate turbulence model to describe the effect of turbulent fluctuations of velocities and scalar variables for the basic conservation equations. A k-epsilon model was used to describe the turbulent motions in both phases. In the k-epsilon model, the turbulent viscosity is defined as:
The turbulence kinetic energy, k, and its rate of dissipation, e, can be calculated from the following transport equations:
The advantage of using the k-epsilon turbulence model is that it is computationally cheap but major weakness is overestimation of turbulence (Ahsan, 2012) .
Reaction scheme
The catalytic cracking of gas oil produces a wide range of products. The present work used a 4-lump kinetic scheme proposed by Gianetto et al. (1994) to describe the catalytic cracking reactions. In this scheme, the gas oil feed is converted to gasoline, light gases and coke, while a portion of the gasoline is converted to coke. The catalytic cracking reaction scheme for the 4-lump model is shown in Fig. 1 . The gas oil, gasoline, light gases and coke are shown as separate lumps in Fig. 1 . Kinetic data for cracking reactions are shown in Table 1 . The reaction kinetics is merged into the mathematical model by solving the species equations of the components in the form of chemical reaction rates (Novia et al., 2007) :
2.8. Boundary conditions Fig. 2 shows the geometry of the riser. GAMBIT pre-processor is used to construct the 2-D geometry. Meshing of the geometry is done by using rectangular grids. The height of the riser is 8.25 m and diameter is 0.2 m. The flow rate of the gas oil is 13 kg/s at the bottom of the riser. Other properties of gas oil and solids are mentioned in Table 2 . (Gianetto et al., 1994) . Prediction of gasoline yield in a fluid catalytic cracking (FCC) riser using k-epsilon turbulence
Assumptions
Following assumptions reported by different researchers are made to simplify the model At the riser inlet, hydrocarbon feed comes in contact with the hot catalyst coming from the regenerator and instantly vaporizes (taking away latent heat and sensible heat from the hot catalyst). The vapor thus formed moves upwards in thermal equilibrium with the catalyst (Ali et al., 1997; Gupta and Subba Rao, 2001 ).
There is no loss of heat from the riser and the temperature of the reaction mixture (hydrocarbon vapors and catalyst) falls only because of the endothermicity of the cracking reactions (Ali et al., 1997; Dasila et al., 2012) . Ideal gas law is assumed to hold while calculating gas phase velocity variation on account of molar expansion due to cracking and gas phase temperature (Dasila et al., 2012) . Catalyst particles are assumed to move as clusters to account for the observed high slip velocities (Dasila et al., 2012) . Heat and mass transfer resistances are assumed as negligible (Ali et al., 1997; Dasila et al., 2012) . Both phases are assumed in plug flow condition hence back mixing in both phases is neglected (Dasila et al., 2012) .
Simulation set up
The 2D geometry is discretized using 19,915 rectangular cells. Grid size analysis is carried out using three different mesh intervals, i.e. 1, 2 and 3 mm. All the simulation results did not show any major difference. The novel approach of making Figure 3 Phase temperature (gas oil and catalyst). There are no universal metrics for judging convergence. Residual definitions that are useful for one class of problem are sometimes misleading for other classes of problems. Therefore it is a good idea to judge convergence not only by examining residual levels, but also by monitoring relevant integrated quantities such as drag or heat transfer coefficient. For most problems, the default convergence criterion in FLUENT is sufficient. This criterion requires that the scaled residuals decrease to 10
À3 for all equations except the energy and radiation equations, for which the criterion is 10
À6
. In this simulation the residuals decrease to 10 À12 (Fluent-Inc, 2006) .
Results and discussion
This study illustrates simulation results for computational parameters. In this paper the model predicts the temperature profile in the riser, phase temperature profile and mass fraction profile of a gasoil, gasoline, light gases and coke. Although the model is very simplified in this study, it reasonably predicts the trends of variations of gas and particle temperatures in the FCC riser as shown in Fig. 3 . At the moment of initial contact between the hot regenerated catalyst and the vaporized feedstock (directly as the gas phase), the gas phase is heated sharply to a mixer temperature in the inlet region of the riser reactor, as shown in Fig. 3 . As expected the temperature decreases significantly from the bottom to top of the riser. The variations of the phase temperatures are qualitatively consistent with the literature (Pareek et al., 2002; Benyahia et al., 2003; Das et al., 2003; Mahecha-Botero et al., 2009 ). Fig. 4 shows the temperature of a riser. We can observe that the temperature of the riser is descending as the nature of the reaction is endothermic. Due to the high temperature at bottom of the riser the gasoline yield increased, but because of coke deposition the gasoline yield decreased after attaining a maximum value. Fig. 5 predicts the mass fraction profiles of gasoline light gases and coke in FCC riser. The model shows that the conversion of gas oil mostly occurs in the first 4 m of the riser, which is alike to the profiles, reported by other researchers. The mass fraction of gas oil is descending gradually while the yield of gasoline is increasing significantly. There are several reasons for this; riser has a high catalyst activity at the bottom. Moreover, the concentration of the gas oil decreases at the bottom due to molar expansion and reaction, thus the reaction rate of gas oil to gasoline is greatest at the bottom of riser. Gasoline yield is also increasing due to the flow pattern of a riser which is closer to plug flow (Pareek et al., 2002; Das et al., 2003; Novia et al., 2007) .
The simulation results are discussed and presented in this paper. Table 3 shows the comparison of plant and model data with the results predicted by this model. We can observe the good agreement between the results.
Conclusions
A two dimensional multiphase flow reaction model for FCC riser has been developed by using commercial CFD code FLU-ENT 6.3 with the four lump reaction kinetics model of Gianetto et al. It is observed that, the model prediction of the gasoline yield and the riser temperature gives the lowest deviations from the plant data among the five parameters studied. The model predictions of the gasoline yield and temperature were confirmed by evaluation with plant data supplied by Ali et al., (1997) . Very good agreement was found between the model predictions and the industrial data when the more realistic kinetic parameters reported by Gianetto et al. (1994) were considered.
Mass fraction profiles, phase temperature profiles and riser temperature profiles are predicted by using the multiphase model. The simulation predicts that the inlet zone of the FCC riser is the most complex segment. Mostly the reaction occurs in first 1-3 m of the FCC riser length. A good agreement is observed with the plant data reported in the literature and data predicted by other models. For each combination of feed and catalyst the rate constant parameters can be obtained from the literature. The values of rate constants for cracking reactions played an important role in the prediction of the FCC riser model. It is more appropriate to use these rate constants for the pair of specific feedstock and catalyst instead of kinetic constants obtained by regression analysis. The proposed model is applicable for all simulation processes of FCC riser. The model can be enhanced for control and optimization of FCC riser modeling. More accurate results can be predicted by implementing the model to a 3D geometry with fewer assumptions. 
